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INTRODUCTION 


PTEN  is  a  tumor  suppressor  gene  frequently  deleted  in  many  human  cancers,  including  prostate  cancers. 
The  goal  of  this  funded  proposal  is  to  study  the  function  of  PTEN  in  prostate  cancer  development  in 
vivo.  Since  loss  of  PTEN  function  causes  embryonic  lethality,  we  proposed  to  specifically  inactivate 
Pten  in  the  prostate. 

Three  specific  tasks  should  be  accomplished  in  this  study: 

I.  To  characterize  ptenloxp/loxp  mouse  strain; 

II.  To  inactivate  Pten  in  the  secretory  epithelium  of  the  prostate  gland  by  intercrossing  Ptenloxp/loxp  and 
probasin  Cre  transgenic  mice; 

III.  To  focally  inactivate  Pten  through  injection  of  CMV-Cre-T  adenovirus  into  the  prostate  of 

ptenloxp/loxp  mice_ 


BODY:  STUDIES  AND  RESULTS 

I.  To  characterize  ptenloxp/loxp  mouse  strain 


1-1.  To  generate  ptenloxp/loxp  mouse  strain  on  129svJ/C57Bl/6  and  129svJ/Balb/c  backgrounds 
(accomplished  during  the  first  funding  period). 

1-2.  To  generate  isogenic  129svJ  ptenloxp/loxp  mouse  strain  (accomplished  during  the  first  funding 
period). 

1-3.  To  characterize  ptenIoxp/Ioxp  mouse  strain  (accomplished  during  the  past  funding  period). 


As  a  prerequisite  for  subsequent  inactivation,  it  is  crucial  to  prove  that  introduction  of  loxp  sites 
into  the  introns  on  either  side  of  exon  5  has  no  effect  on  the  function  of  PTEN  in  ptenIoxp/loxp  mice.  In 
contrast  to  the  embryonic  lethal  phenotype  observed  in  PteriA  mice,  Pr<?wloxp/loxp  animals  were  viable. 
Normal  PTEN  level  and  function  were  detected  in  Ptenloxpn°xp  MEF  cells  and  no  spontaneous  tumor 
formations  were  observed  up  to  two  years,  suggesting  that  introducing  the  loxp  sites  into  the  Pten 
locus  does  not  perturb  the  normal  function  of  PTEN. 

Since  this  is  an  exon  5-specific  deletion  and  exon  4  may  splice  to  exon  6,  we  tested  whether  a 
truncated  protein  could  be  generated.  No  PTEN  protein  could  be  detected  using  either  anti-N 
terminal  or  anti-C  terminal  antibodies  (Figure  lb),  suggesting  that  exon  5  deletion  leads  to  either  a 
complete  null  mutation  or  a  truncated  protein  which  is  very  unstable. 


a.  PCR  Products: 


c.  Brain-specific  deletion: 


1. WT:  900  bp 

2.  Loxp:  1000  bp 

3.  A5:  300  bp 


b.  Protein  Analysis: 

a-PTEN- 
a-Vinc- 

Pten:  +/+  A5/A5  A5/A5  +/+  A5/A5 


a-N  terminal  a-C  terminal 


P0  brain 


PTEN 

P-AKT 

AKT 


Figure  1:  Conditional  inactivation  of  Pten  gene. 

(a) .  Predicted  PCR  products.  Primers  used  are:  PI  5’-ACTCAAGGCAGGGATGAGC-3\  P2  5’- 
AATCTAGGGCCTCTTGTG  CC-3\  and  P3  5^GCTTGATATCGAATTCCTGCAGC-3’. 

(b) .  Western  blot  analysis  using  a-N  terminal  (left)  and  a-C  terminal  antibodies. 

(c) .  GFAP-Cre-mediated  Pten  deletion  in  Ptenloxp/+;Cre+/'  mice  (upper  panel).  Lanes  1-5,  neural  tissues: 
cortex,  hippocampus,  cerebellum,  brain  stem,  and  spinal  cord,  respectively;  lanes  6-9,  non-neural  tissues: 
thymus,  heart,  kidney,  skin,  respectively.  Western  blot  analysis  (lower  panels)  using  P0  Ptenloxp/loxp;Cre+/" 


brain  samples.  Lanes  1  and  3,  mutant;  lane  2,  WT  control.  Antibodies  used:  a-PTEN  (C  terminal)  NEB; 
a-P-AKT  and  a-AKT  (Santa  Cruz). 


To  demonstrate  Cre-mediated  exon  5  deletion,  we  crossed  Ptenloxp/]oxp  animals  with  the  GFAP- 
Cre  transgenic  mice  (Zhuo  et  al.,  2001)  aimed  for  brain-specific  deletion.  As  shown  in  Figure 
1C,  Cre  expression  in  the  Ptenloxpl+',GFAP-Cre+/~  mice  resulted  in  neural-specific  excision  of 
exon  5  (lanes  1-5).  In  contrast,  very  low  or  no  excision  could  be  detected  in  other  non-neural 
tissues  (lanes  6-9).  Finally,  we  showed  that  no  PTEN  protein  could  be  detected  in  conditional 
deleted  tissue  and  the  known  downstream  signaling  molecule  AKT/PKB  was 
hyperphosphor ylated  (Figure  1C).  Thus,  the  Ptenloxp/hxp  mouse  line  generated  can  be  used  for 
studying  the  function  of  PTEN  in  animal  development  and  tumorigenesis. 


II.  To  inactivate  Pten  in  the  prostate  secretory  epithelium  by  intercrossing  Ptenloxp/lnxp  mice  and 
probasin(PB)-Cre  transgenic  mice  (Partially  accomplished  during  the  last  funding  period). 

As  stated  in  the  last  report,  we  have  obtained  PB-Cre  transgenic  mice  from  Dr.  Norm  Greenberg. 
Unfortunately,  the  mice  shipped  to  us  could  not  serve  our  purpose.  We  have  since  got  the  Cre  line 
with  modified  PB  promoter  from  Dr.  Roy-Burman  at  USC.  Animal  breeding  is  in  progress  and  we 
have  produced  a  cohort  of  Ptenloxp/loxp  ;  Cre+/'  and  Ptenloxp/d5  ;Cre+A  mice.  The  oldest  animals  are 
two  month-old  now  and  we  will  start  systematic  analysis  in  two  months. 


III.  To  focallv  inactivate  Pten  through  injection  of  CMV-Cre-T  adenovirus  into  the  prostate  of 
Ptenloxp/loxp  mice. 


As  reported  in  last  year’s  summary,  the  original  plan  of  injecting  first  generation  of  CMV-Cre-T 
adenovirus  into  the  prostate  of  Ptenloxp/loxp  mice  turned  out  to  be  problematic  due  to  the  host  immune 
response.  We  have  since  explored  two  independent  system  to  circumvent  this  problem: 

III- 1 .  To  generate  a  “gut-less”  adenovirus  vector  carrying  the  Cre  recombinase. 

The  host  immune  response  to  the  first  generation  of  adenovirus  vector  is  mainly  due  to  the  viral 
envelope  proteins.  Dr.  Arnold  Berk’s  laboratory  has  recently  developed  a  gut-less  adenovirus  vector 
carrying  the  Cre  recombinase.  We  have  set  up  a  formal  collaboration  to  test  this  virus  on  prostate- 
specific  Pten  deletion.  lxlO9  viral  particles  (approximately  10|il)  will  be  surgically  injected  into  the 
prostate  gland  of  Ptenloxp/loxp  mice.  Two  mice  will  be  sacrificed  7  days  post  injection  to  survey  1) 
possible  host  immune  response;  and  2)  Cre-mediated  Pten  deletion. 

III-2.  To  generate  a  TAT-Cre  fusion  protein  for  protein  transduction  (accomplished  during  the  last 
funding  period). 

Recently,  a  novel  technique  has  been  discovered  that  might  allow  one  to  focally  deliver  Cre 
recombinase  in  vivo.  The  novel  technology  co-opts  the  interesting  ability  of  the  HIV  TAT  protein  to 
cross  cell  membranes  in  a  receptor-independent  and  endocytosis-independent  manner.  Although  its 


mechanism  of  action  is  unclear,  a  36  amino  acid  domain  of  TAT  has  been  defined  to  mediate  this 
phenomenon  (Nagahara,  1998).  By  fusing  this  TAT  domain  to  Cre  recombinase,  we  have  generated 
TAT-Cre  fusion  protein  and  proved  its  function  in  tissue  cultured  cells  and  in  the  brain  of  Ptenloxp/+ 
mouse.  We  have  injected  the  TAT-Cre  fusion  protein  directly  into  the  prostate  glands  of  Ptenloxp/lox 
mice.  Four  out  of  five  injected  animals  developed  prostate  hyperplasia  at  four  month-of  -age,  at  least 
six  months  earlier  than  that  of  Ptenloxp/+  mice. 


SUMMARY: 

We  have  finished  characterization  of  the  Ptenloxp/lox  mice  during  the  second  funding  period  as 
original  planned.  Generation  of  Ptenloxp/loxp  ;  Cre+A  and  Ptenloxp/d5  ;Cre+/'  mice  was  delayed  due  to  the 
unexpected  problem  of  PB-Cre  line.  However,  we  have  quickly  acquired  another  PB-Cre  line  and 
generated  a  cohort  of  mice  ready  to  be  tested  soon.  We  also  developed  two  alternative  methodologies 
for  focal  inactivation  Pten  gene,  which  are  not  only  important  for  our  research,  but  will  benefit  other 
investigators  as  well. 
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CONCLUSION 


Our  study  on  Pten  knock-out  mice  suggest  that  PTEN  is  a  crucial  tumor  suppressor  gene  in 
controlling  the  prostate  cancer  development.  Thus,  prostate-specific  deletion  of  Pten  will  provide  a 
valuable  model  for  studying  prostate  cancer,  especially  signaling  pathways  involved  in  prostate 
cancer  formation.  Results  derived  from  this  study  will  provide  molecular  insight  to  tumorigenesis  in 
the  prostate  glands  and  possible  therapeutic  intervention  for  treatment  of  prostate  cancers. 
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The  mechanisms  controlling  neural  stem  cell  proliferation  are  poorly  under¬ 
stood.  Here  we  demonstrate  that  the  PTEN  tumor  suppressor  plays  an  impor¬ 
tant  role  in  regulating  neural  stem/progenitor  cells  in  vivo  and  in  vitro.  Mice 
lacking  PTEN  exhibited  enlarged,  histoarchitecturally  abnormal  brains,  which 
resulted  from  increased  cell  proliferation,  decreased  cell  death,  and  enlarged  cell 
size.  Neurosphere  cultures  revealed  a  greater  proliferation  capacity  for  tripotent 
Pten~'~  central  nervous  system  stem/progenitor  cells,  which  can  be  attributed, 
at  least  in  part,  to  a  shortened  cell  cycle.  However,  cell  fate  commitments  of 
the  progenitors  were  largely  undisturbed.  Our  results  suggest  that  PTEN  neg¬ 
atively  regulates  neural  stem  cell  proliferation. 


The  Pten  tumor  suppressor  gene  encodes  the 
first  phosphatase  frequently  mutated  somati¬ 
cally  in  various  human  cancers,  including 
glioblastoma  (1).  Besides  carcinogenesis, 
Pten  may  play  important  roles  in  brain  devel¬ 
opment,  as  suggested  by  its  ubiquitous  cen¬ 
tral  nervous  system  (CNS)  expression  pattern 
in  embryos  (2,  3)  as  well  as  by  neurological 
disorders  associated  with  PTEN  germ-line 
mutations  in  humans  (4).  However,  the  early 
embryonic  lethality  of  conventional  Pten~f~ 
mice  (5,  6)  has  precluded  further  studies  of 
PTEN  function  during  brain  development. 

To  explore  PTEN’s  role  in  early  brain  de¬ 
velopment,  we  generated  a  conditional  Pten 
knockout  mouse  by  flanking  exon  5,  encoding 
the  phosphatase  domain  of  PTEN,  with  loxp 
sequences  (PtenIoxp)  (Fig.  1A).  Ptenlox p/Ioxp 
females  were  crossed  with  males  carrying  a 
nestin  promoter-driven  Cre  transgene  (Cre+I~) 
that  is  activated  in  CNS  stem/progenitor  cells  at 
embryonic  day  (E)  9  or  10,  resulting  in  almost 
complete  gene  deletion  in  the  CNS  by  mid- 
gestation  (7,  8).  In  Ptenloxp/+;Cre+/~  mice,  Cre- 
mediated  deletion  of  the  loxp  allele  (A5)  was 
detectable  in  ail  neural  tissues  examined  (Fig. 
IB,  lanes  1  to  5).  To  ensure  complete  deletion 


''Howard  Hughes  Medical  Institute,  department  of 
Molecular  and  Medical  Pharmacology,  department 
of  Pediatrics,  department  of  Pathology  and  Labora¬ 
tory  Medicine,  department  of  Medicine  and  AIDS 
Institute,  department  of  Microbiology  and  Molecular 
Genetics,  UCLA  School  of  Medicine,  Los  Angeles,  CA 
90095,  USA.  7lnstitut  Suisse  de  Recherche  Experimen- 
tale  sur  le  Cancer,  Ch.  de  Boveresses  155,  1066  Ep- 
alinges/Lausanne,  Switzerland. 

♦Present  address:  Epigenomics  AG,  Kastanienallee  24, 
10435  Berlin,  Germany. 

fTo  whom  correspondence  should  be  addressed.  E- 
mail:  xliu@mednet.ucla.edu,  hwu@mednet.ucla.edu 


of  Pten,  we  generated  Ptenloxp/A5 ; Cre + /- 
mice  carrying  a  conventional  exon  5  deleted 
allele  (. PtenA 5)  and  a  Ptenloxp  allele.  No 
PTEN  protein  could  be  detected  in  the  mutant 
brain  (Fig.  1C),  indicating  nearly  complete 
Pten  deletion.  Pten  deletion  leads  to  hyper¬ 
phosphorylation  of  Akt  and  S6  kinase, 
known  downstream  effectors  of  phosphati- 
dylinositol  3 -kinase  (Fig.  1C)  that  have 
been  implicated  in  neuron  survival  and  cell 
cycle  control  (9). 

Examination  of  the  PtenloxplA5\Cre+l~ 
brain  revealed  a  marked  increase  in  brain  size 
(Fig.  ID).  Measurements  taken  at  El 4,  El 8, 
and  P0  (birth)  demonstrated  continuous  in¬ 
creases  in  brain  weight  and  in  the  ratio  of 
brain  weight  to  body  weight  (Fig.  IE,  upper 
panels).  PO  mutant  brain  weight  and  cell 
number  were  double  those  of  wild-type  con¬ 
trols  (Fig.  IE,  upper  and  lower  left),  a  differ¬ 
ence  much  greater  than  that  seen  in  mice 
overexpressing  BCL-2  (10)  or  in  mice  lack¬ 
ing  p27  (11).  Because  deletion  of  Drosophila 
PTEN  led  to  increased  S6  kinase  activity  and 
enlarged  cell  size,  we  measured  the  cell  size 
distribution  in  mutant  brains  by  flow  cytom¬ 
etry.  Cells  from  Pten~'~  brains  were  larger 
than  those  of  controls  (Fig.  IE,  lower  right), 
providing  evidence  that  PTEN  regulates  cell 
size  in  mammals. 

Mutant  mice  were  bom  with  open  eyes 
(Fig.  ID)  and  died  soon  after  birth.  Histolog¬ 
ical  analyses  of  newborn  mutant  brains 
showed  a  proportional  increase  in  overall 
brain  structures,  with  no  signs  of  hydroceph¬ 
alus  (Fig.  2A).  In  the  brainstem,  nuclei  in 
mutant  animals  were  not  easily  identifiable 
(Fig.  2B).  It  is  unclear  whether  specific  nu¬ 
clei,  such  as  CN7n  (arrow),  were  missing  or 
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disorganized  beyond  histological  recognition. 
In  addition,  a  severe  disturbance  of  the 
laminar  patterns  in  the  cortex,  hippocampus 
(72),  and  cerebellum  was  evident  (Fig.  2C). 
Because  PTEN  controls  both  cell  cycle  and 
cell  adhesion  or  migration,  the  observed 
layering  defects  might  be  due  to  uncon¬ 
trolled  progenitor  proliferation  and/or  al¬ 
tered  cell  adhesion  or  migration  (13-15). 

We  next  tested  whether  Pten  deletion  af¬ 
fected  the  cell  fate  determination  of  neural 
progenitors.  Immunohistochemical  analyses 
of  PO  brains  were  conducted  using  antibodies 
specific  to  the  GluRl  subunit  of  postsynaptic 
AMP  A  receptors  (Fig.  2D).  GluRl  staining 
was  present  throughout  the  brain,  indicating 
that  neuronal  differentiation  had  taken  place. 
However,  the  staining  pattern  was  abnormal, 
as  predicted  by  the  disorganization  observed 
in  hematoxylin-  and  eosin-stained  sections 
(Fig.  2C).  To  provide  more  quantitative  mea¬ 
surement,  we  compared  the  in  vitro  differen¬ 
tiation  potentials  of  cortical  cells  from  E14.5, 
the  peak  of  neurogenesis,  and  El 6.5,  the  on¬ 
set  of  gliogenesis.  No  significant  difference 
between  mutant  and  control  was  observed  in 
the  number  of  TuJ- 1-positive  neurons  (in 
green,  Fig.  2E)  or  in  the  number  of  glial 
fibrillary  acidic  protein  (GFAP)-positive  as¬ 
trocytes  (Fig.  2F).  The  degree  of  induction  of 
astrocyte  differentiation  in  response  to  leuke¬ 
mia  inhibiting  factor  (LIF)  stimulation  (16) 
was  also  not  altered  by  Pten  deletion  (Fig.  2F, 
right).  Thus,  the  programmed  developmental 
sequence  of  cell  fate  determination  from  neu¬ 
rogenesis  to  gliogenesis  (17,  18)  is  not  overt¬ 
ly  disturbed  by  Pten  deletion.  However,  neu¬ 
rogenesis  is  the  major  event  during  embryon¬ 
ic  brain  development,  whereas  gliogenesis 
occurs  primarily  during  the  postnatal  stage 
(18,  19).  Thus,  we  cannot  rule  out  the  possi¬ 
bility  that  postnatal ly,  Pten  deletion  will  af¬ 
fect  cell  fate  determination. 

To  address  the  mechanism  of  increased 
cell  number  in  the  mutant,  we  analyzed  pro¬ 
genitor  cell  proliferation  at  E14.5  using  the 
nucleotide  substitution  method.  El 4. 5  was 
chosen  because  (i)  Oe-mediated  Pten  dele¬ 
tion  is  complete  (72);  (ii)  brain  weight  is  not 
significantly  increased  relative  to  control  lit- 
termates  (Fig.  IE),  which  allowed  us  to  focus 
on  neural  stem/progenitor  cells  rather  than 
more  differentiated  progenies;  and  (iii)  inten¬ 
sive  neural  stem/progenitor  cell  proliferation 
takes  place  (73,  14).  A  significant  increase  in 
bromodeoxyuridine  (BrdU)-labeled  nuclei 
was  observed  in  the  ventricular  zone  ( VZ)  of 
mutant  animals  (Fig.  3,  upper  panels)  (72). 
The  increased  BrdU  labeling  in  the  mutant 
brain  could  be  due  to  a  shortened  cell  cycle 
time  (see  below),  a  decrease  of  apoptosis,  or 
both.  Using  the  TUNEL  (terminal  deoxynu- 
cleotidyl  transferase-mediated  deoxyuridine 
triphosphate  nick-end  labeling)  assay  (20), 
we  were  able  to  detect  a  significant  decrease 
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Fig.  1.  Genotype  and 
phenotype  of  mice  lack¬ 
ing  PTEN  in  the  brain. 

(A)  Schematic  represen¬ 
tation  of  Pten  condition¬ 
al  knockout  allele.  PI,  P2, 
and  P3  localize  poly¬ 
merase  chain  reaction 
(PCR)  primers  used  for 
genotyping.  Cre-mediat- 
ed  recombination  de¬ 
letes  exon  5  and  creates 
a  PtenA 5  allele.  K,  Kpn  I 
site.  (B)  PCR  screen  for 
exon  5  deletion  in  adult 
Ptenloxp/ + ;Nestin  -Cre + /_ 
mice.  Lanes  1  to  5,  DNAs 
prepared  from  cortex, 
hippocampus,  cerebel¬ 
lum,  spinal  cord,  and  ret¬ 
ina,  respectively;  lanes  6 
to  9,  DNAs  isolated 
from  wild-type  (WT), 

Pterrloxp/+,  PterioxP/AS, 
and  Pten+  mice,  respec¬ 
tively.  (C)  Western  blot 
analysis  of  whole  brain 
lysates  from  control  and 
PtenloxPf A5;Cre+/-  (mu_ 
tant)  newborn  mice  for 
PTEN  levels,  and  Akt 
and  S6  kinase  phospho¬ 
rylation  using  phos- 
pho-specific  antibod¬ 
ies.  (D)  Macrocephaly 

(no  exencephaly)  and  open-eye  phenotypes  in  the  mutant  animals.  Scale  bar,  3  mm.  (E)  Increased 
brain  weight  (upper  left  and  right),  cell  number  (lower  left),  and  cell  size  (lower  right)  in  mutant 
mice.  Ctx+bg,  cortex  and  striatum;  Rest,  rest  of  the  brain  structures;  Total,  whole  brain.  Data  are 
means  ±  SD;  n  =  6  to  15,  P  <  0.01. 
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Fig.  2.  Pten  deletion 
causes  enlarged,  his- 
toarchitecturally  ab¬ 
normal  brains.  (A) 
Sagittal  section  shows 
an  increase  in  overall 
brain  size  in  mutant 
animals.  V,  midbrain 
vesicle;  rostral  is  to 
the  left.  (B)  Perturbed 
nuclear  structure  in 
the  mutant  brainstem. 
Arrow,  CN7n  facial 
nerve  nucleus;  arrow¬ 
head,  anterior  perioli- 
vary  nuclei;  asterisk, 
pontine  gray  nucleus; 
rostral  is  to  the  right. 
(C)  Disturbed  lamina¬ 
tion  and  near-absence 
of  foliation  (arrow)  of 
the  mutant  cerebel¬ 
lum.  (D)  GluRl  immu- 
nostaining  revealed 
differentiation  despite 
severely  disturbed  his- 
toarchitecture.  Scale 
bar,  100  jxm.  (E)  In 
vitro  neuronal  cultures 
from  El 4.5  cortex.  (F) 
Cells  from  E16.5  cor¬ 
tex  were  cultured  for 
3  days  without  or  with 
LIF  (50  ng/ml).  GFAP- 
positive  astrocytes  were 
stimulation  (n  =  4). 


D 


Control  Mutant 


Con  Mut  -LIF  +LIF  Con  Mut 

counted;  data  are  presented  as  relative  induction  in  response  to  LIF 
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of  apoptosis  in  E14.5  mutant  telencephalon 
(Fig.  3,  middle  panels)  (12),  Thus,  our  results 
indicate  that  both  increased  cell  proliferation 
2nd  decreased  cell  death  in  the  neural  stem/ 
nmaenitor  cells  probably  account  for  the  in¬ 
creased  cell  number  in  the  mutant  animals. 
We  did  not  observe  extensive  BrdU  labeling 
in  ectopic  CNS  regions  outside  the  prolifer¬ 


ation  zone,  as  has  been  reported  for  Rb- 
deficient  mice  (21).  Staining  of  E14.5  brain 
sections  for  the  neuronal  marker  TuJ-1  (in 
green)  showed  no  sign  of  disturbed  layering 
and  no  prominent  enlargement  of  the  prolif¬ 
erative  zone  (dark  area)  in  mutants  (Fig.  3, 
lower  panels),  as  reported  for  caspase-9- de¬ 
ficient  mice  (20).  Taken  together,  these  re- 


Fig.  3.  Increased  cell 
proliferation  and  de¬ 
creased  cell  death  in 
the  ventricular  zone 
(VZ)  of  E14.5  mu¬ 
tant  telencephalons. 
Increased  numbers  of 
BrdU  +  cells  (upper 
panels)  but  decreased 
numbers  of  TUNEL+ 
cells  (middle  panels) 
were  observed  in  mu¬ 
tant  cortex.  TuJ-1 
staining  (green)  re¬ 
vealed  neuronal  dif¬ 
ferentiation  (lower 
panels).  Scale  bars, 
100  jxm. 


Control 


suits  suggest  that  PTEN  controls  neural  stem/ 
progenitor  cells  by  negatively  regulating  their 
cell  cycle  progression  rather  than  preventing 
postmitotic  neurons  from  reentering  the  cell 
cycle.  Because  nestin  is  expressed  in  stem 
cells  and  more  restricted  progenitors  in  the 
brain  as  well  as  other  cell  types  during  devel¬ 
opment,  we  cannot  rule  out  the  possibility 
that  effects  on  neural  stem  cell  populations 
are  mediated  indirectly  by  Pten  deletion  in 
these  cell  types. 

Using  the  in  vitro  neurosphere  system 
(22),  we  further  studied  how  PTEN  con¬ 
trols  neural  stem/progenitor  cell  prolifera¬ 
tion.  Neurospheres  were  cultured  from  E14.5 
and  PO  (12)  cortex  as  described  (19,  23). 
Western  blot  analyses  confirmed  that  no 
PTEN  could  be  detected  in  E14.5  neural  tis¬ 
sue  or  in  cultured  neurospheres  (12).  When 
cells  of  E14.5  brains  were  cultured  at  mod¬ 
erate  density  [40,000  cells/ml  (12)]  or  clonal 
density  [1000  cells/ml  (12)],  the  number  of 
spheres  was  significantly  greater  in  Pten  mu¬ 
tants  (Fig.  4A),  indicating  that  there  were 
more  CNS  stem/progenitor  cells  in  mutant 
animals.  Mutant  neurospheres  propagated 
more  readily,  as  indicated  by  a  greater  aver¬ 
age  diameter  of  the  spheres  (12),  an  increased 
number  of  cells  per  sphere,  and  a  greater 
number  of  cells  incorporating  BrdU  (Fig. 
4B).  Cells  in  mutant  neurosphere  cultures 
were  also  significantly  larger  than  those  in 
controls  (12),  which  suggests  that  increases 
in  sphere  size  can  be  attributed  to  both  in- 
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Fig.  4.  PTEN  deficiency  resulted  in  increased  neural  stem/ 
progenitor  cell  proliferation  and  self-renewal  without  disturbing 
multilineage  differentiation  in  vitro.  (A)  Increased  neurosphere  num¬ 
bers  from  Pten-1-  cortex:  l^-IK,  primary  culture  at  density  of  1000 
cells/ml  (P  <  0.03);  2nd-1K,  secondary  culture  at  density  of  1000 
cells/ml  (P  <  0.012).  Data  are  means  ±  SD  of  a  typical  result  from 
four  to  six  independent  experiments.  (B)  Mutant  neurospheres 
contain  more  cells  per  sphere  (P  <  0.15)  and  higher  numbers  of 


BrdLU  cells  (P  <  0.01).  (C)  Mutant  stem /progenitor  cells  display  increased  cell  divisions,  as  indicated  by  decreased  CFSE  labeling.  Cells  are  displayed  in  a 
pseudo-colored  density  plot,  where  red  represents  the  highest  and  blue  the  lowest  cell  numbers.  APC,  aphidicolin-treated.  (D)  Neurosphere  potency. 
Histograms:  differentiation  potential  of  E14.5  (upper)  and  P0  (lower)  mutant  and  control  neurospheres  cultured  at  1000  cells/mL  Data  represent  three 
independent  experiments.  Markers  used:  aTuJI  for  neurons  (N).  aGFAP  for  astrocytes  (A),  and  a04  for  oligodendrocytes  (O).  MP,  multipoint  (positivefor 
all  three  markers).  (E)  A  representative  of  neurosphere  differentiation  from  2nd-1K  cultures.  Scale  bar,  50  pm.  Enlarged  photo  inserts  show  oligodendrocytes 
denoted  by  the  arrows. 
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creased  cell  proliferation  and  enlarged  cell  size. 

To  directly  test  whether  PTEN  controls 
cell  cycle  time,  we  conducted  a  CFSE  wash¬ 
out  experiment.  CFSE  [5(6)-carboxyfluores- 
cein  diacetate  succininyl  ester]  is  a  fluores¬ 
cent  dye  that  penetrates  cell  membranes  and 
is  metabolized  and  trapped  within  the  cell. 
The  dye  is  evenly  distributed  to  daughter 
cells,  so  fluorescence  intensity  decreases  by 
half  with  each  cell  division  (24).  Cells  from 
E14.5  cortex  were  pulse-labeled  with  CFSE 
and  cultured  in  neuro sphere  medium.  After  6 
days,  neurospheres  were  dissociated  and  sub¬ 
jected  to  flow  cytometry.  The  majority  of 
mutant  cells  had  shifted  to  the  dimmer  side  of 
the  fluorescence  scale,  in  contrast  to  wild- 
type  or  aphidicolin-arrested  control  cells 
(Fig.  4C,  arrows),  which  indicates  that  most 
PterC^  cells  had  progressed  through  more 
cell  divisions  during  the  same  culture  period. 
These  studies  suggest  that  PTEN  inhibits 
neural  stem  cell  proliferation  in  vitro  by  con¬ 
trolling  cell  cycle  progression. 

A  key  characteristic  of  stem  cells  is  their 
self-renewal  ability.  We  compared  self-re¬ 
newal  in  mutant  and  control  stem/progenitor 
cells  by  propagating  neurosphere  cultures. 
When  neurospheres  from  primary  cultures 
were  dissociated  and  repropagated  at  1000 
cells/ml,  mutant  cultures  contained  6.5  times 
as  many  spheres  per  milliliter  of  the  initial 
culture  (Fig.  4A,  2nd- IK),  a  greater  difference 
than  for  the  primary  cultures  (1st- IK);  this 
finding  is  consistent  with  the  hypothesis  that 
PTEN-null  neural  stem  cells  undergo  more 
self-renewing  divisions  in  vitro  than  do  wild- 
type  counterparts.  The  secondary  mutant 
spheres  also  proliferated  more  readily  than 
control  spheres,  as  revealed  by  their  larger 
diameters  (12). 

Similar  to  our  in  vivo  studies  (Figs.  2  and 
3),  Pten  deletion  did  not  alter  the  differenti¬ 


ation  potential  of  stem  cells  in  neurosphere 
cultures.  Upon  differentiation,  the  spheres 
from  E14.5  and  P0  mutant  and  control  ani¬ 
mals  were  generally  tripotent,  generating 
neurons,  astrocytes,  and  oligodendrocytes 
(Fig.  4D);  no  significant  differences  in  over¬ 
all  sphere  potentiality  were  apparent.  The 
tripotency  of  clonal  secondary  spheres  was 
also  similar  between  mutant  and  control  cul¬ 
tures  (Fig.  4D).  To  determine  whether  Pten 
deletion  may  affect  cell  fate  specification,  we 
calculated  the  percentage  of  neurons  within 
individual  spheres.  Neurons  constituted  about 
1  to  2%,  whereas  astrocytes  constituted  the 
vast  majority  of  cells  present  in  differentiated 
neurospheres  (Fig.  4E).  The  percentages  of 
neurons  per  secondary  clonal  neurosphere 
were  similar  between  mutant  and  controls: 
1.54%  and  1.34%,  respectively. 

Taken  together,  our  in  vivo  and  in  vitro 
observations  suggest  that  PTEN  negatively 
controls  proliferation  of  neural  stem  cells. 
Caution  must  be  taken  in  interpreting  these 
results,  because  a  loss  of  PTEN  in  neural 
stem  cells  may  not  be  responsible  for  the 
entire  phenotype  observed.  Our  mutant  ani¬ 
mals  are  expected  to  lose  PTEN  not  only  in 
nestin-expressing  neural  stem  cells,  but  also 
in  all  their  progeny.  Thus,  if  PTEN  is  re¬ 
quired  for  normal  migration  of  postmitotic 
neurons,  this  effect  would  be  observed  in  our 
mutants.  Furthermore,  nestin  is  expressed  by 
uncommitted  stem  cells  and  committed  glial 
progenitors.  Therefore,  a  direct  effect  of  Pten 
deletion  on  glial  development  is  not  preclud¬ 
ed  by  our  results,  although  an  effect  on  the 
stem  cell  population  could  explain  many  of 
our  findings.  Recent  reports  indicate  that  gli¬ 
oblastoma  formation  in  vivo  is  promoted  by 
transformation  of  neural  progenitor  cells,  but 
not  differentiated  astrocytes,  with  oncogenic 
Ras  and  Akt  (25).  In  line  with  this  idea, 


homozygous  loss  of  PTEN  on  its  own  is 
sufficient  to  promote  proliferation  of  neural 
stem/progenitor  cells.  Thus,  this  mouse  mod¬ 
el  may  help  to  further  understand  the  biology 
of  this  tumor  entity. 
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PTEN  (or  MMAC1/TEP1 )  tumor  suppressor  gene  is  fre¬ 
quently  mutated  in  a  variety  of  human  cancers  and  in 
three  cancer  predisposition  syndromes  (Eng  and  Pea- 
cocke,  1998;  Dahia,  2000).  PTEN  negatively  regulates 
the  phosphatidylinositol  3-kinase  (PI3  kinase)  signaling 
pathway  by  dephosphorylating  PIP3,  the  product  of  PI3 
kinase  (for  review,  see  Cantley  and  Neel,  1999).  Inacti¬ 
vation  of  Pten  (chromosome  19)  in  mouse  models  con¬ 
firmed  PTEN  to  be  a  bona  fide  tumor  suppressor  (Di 
Cristofano  et  al,  1998;  Podsypanina  et  al,  1998;  Suzuki 
et  al ,  1998;  Lesche  et  al,  submitted):  Pten+/~  mice 
developed  tumors  in  multiple  organs  and  Pten~f~  mice 
died  during  embryogenesis  before  midgestation.  To 
overcome  the  early  lethal  phenotype  in  Pten~f~~  mice 
and  to  study  the  roles  of  PTEN  in  embryonic  develop¬ 
ment,  adult  tissue  function,  and  tumorigenesis,  we  have 
generated  a  conditional  Pten  knockout  mouse  strain. 

LoxP  sequences  were  inserted  into  the  endogenous  Pten 
fi  locus  flanking  exon  5  as  illustrated  in  Figure  1.  Exon  5 
encodes  the  phosphatase  domain  of  PTEN  in  which  many 
tumor-associated  mutations  have  been  detected.  Ptenloxp/+ 
ES  cells  were  injected  into  either  C57/B6  or  Balb/c  blasto¬ 
cysts.  Chimeric  mice  were  backcrossed  to  either  C57/B 6  or 
Balb/c  mice  and  germ-line  transmission  of  the  PtenloxP/+ 
allele  was  confirmed  by  Southern  blot  and  PCR  genotyping 
(not  shown).  In  contrast  to  the  embryonic  lethal  pheno¬ 
type  observed  in  Pten~f~  mice,  PtenloxP/loxP  animals  were 
viable.  Normal  PTEN  level  and  function  were  detected  in 
PtenloxP/loxP  MEF  cells  and  no  spontaneous  tumor  forma¬ 
tions  were  observed  up  to  two  years,  suggesting  that  intro¬ 
ducing  the  loxP  sites  into  the  Pten  locus  does  not  perturb 
the  normal  function  of  PTEN. 

To  demonstrate  Cre-mediated  exon  5  deletion,  we 
crossed  PtenloxP/loxP  animals  with  the  GFAP-Cre  transgenic 
mice  (Zhuo  et  al ,  2001)  aimed  for  brain-specific  deletion. 
F2  As  shown  in  Figure  2c,  Cre  expression  in  the  PtenloxP/+; 
GFAP-Cre+/~  mice  resulted  in  neural-specific  excision  of 
exon  5  (lanes  1-5).  In  contrast,  very  low  or  no  excision 
could  be  detected  in  other  nonneural  tissues  (lanes  6  -9). 
Finally,  we  showed  that  no  PTEN  protein  could  be  de¬ 
tected  in  conditional  deleted  tissue  and  the  known  down¬ 
stream  signaling  molecule  AKT/PKB  was  hyperphosphory- 


lated  (Fig.  2c).  Thus,  the  PtenloxP/loxF  mouse  line  generated 
will  be  valuable  for  studying  the  function  of  PTEN  in  animal 
development  and  tumorigenesis. 
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FIG.  1.  Generation  of  PtenloxP,+  allele,  (a)  Genomic  structure  of  Pten  locus  with  exon  5  boxed,  (b)  pten'mP°'y,k>  targeting  vector,  (c)  After 
electroporation  (50  p.g  linearized  DNA/107  LW1  ES  cells;  400  V/25  jj-F)  and  hygromycin  (80  p,g/ml)  selection,  homologous  recombinants 
were  identified  by  Southern  blot  analysis  using  an  external  probe  indicated  in  (a)  (not  shown),  (d)  Targeted  ES  cells  were  transiently 
transfected  with  Cre-expressing  vector  and  selected  with  gancyclovir  (1  jiM/ml).  Surviving  clones  with  flanked-exon  5  were  used  to 
generate  PtenloxP/+  mouse  strains  according  to  standard  procedure.  P1-P3,  primers  used  for  PCR  genotyping.  (e)  Exon  5  flanked  by  the 
loxP  sites  can  be  deleted  upon  Cre  expression.  This  event  can  be  monitored  by  Southern  blot  or  PCR  analysis. 
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FIG.  2.  Conditional  inactivation  of  Pten  gene,  (a)  Predicted  PCR  products.  Primers  used  are  forward  primer  PI,  5'-ACTCAAGGCAGG- 
GATGAGC-3',  and  two  reverse  primers,  P2  5'-AATCTAGGGCCTCTTGTG  CC-3'  and  P3  5'-GCTTGATATCGAATTCCTGCAGC-3'.  (b)  An 
example  of  PCR  genotyping.  Lanes  1  and  6,  WT;  lanes  5  and  7,  heterozygous;  lanes  2-4,  homozygous  for  IoxP  alleles;  lane  8,  no  DNA 
added,  (c)  GFAP-Cre-mediated  Pten  deletion  in  PtenloxP/+;Cre+/~  mice  (upper  panel).  Lanes  1-5,  neural  tissues:  cortex,  hippocampus, 
cerebellum,  brain  stem,  and  spinal  cord,  respectively;  lanes  6-9,  nonneural  tissues:  thymus,  heart,  kidney,  skin,  respectively.  Western  blot 
analysis  (lower  panels)  using  P0  Pten,oxP/,oxp;Cre+/~  brain  samples.  Lanes  1  and  3,  mutant;  lane  2,  WT  control.  Antibodies  used  were 
Cd-PTEN,  NEB;  a-P-AKT,  and  a-AKT  (Santa  Cruz). 


